Background: Fucoidan is a natural sulfated polysaccharide which exists mainly in the cell wall matrix of various species of brown seaweed. Various forms of fucoidan have also been recognized in some marine invertebrates such as sea urchins and sea cucumbers.
INTRODUCTION
Intimal hyperplasia due to the smooth muscle cells (SMCs) and extracellular matrix accumulation is a key factor in the pathogenesis of transplant arteriosclerosis and restenosis after endovascular and vascular procedures [1, 2] . Vascular remodeling in transplant arteriosclerosis involves inflammation of the vessel wall, SMCs apoptosis in the media, and SMCs proliferation in the intima, all of which result in the thickening of vascular wall and lumen narrowing [1] .
Polysaccharides constitute a large family of molecules demonstrating the ability for numerous interactions with cellular targets within the arterial wall. Fucoidans are vegetal sulfated polysaccharides extracted from brown seaweed, which are reported to possess properties such as anti-coagulant, anti-thrombotic, anti-inflammatory, anti-tumor, anti-adhesive, and anti-viral activities [3, 4, 45, 46] . Many of these effects are mediated by fucoidan interactions with growth factors such as basic fibroblast growth factor [5] and the transforming growth factor-beta [6] . Other studies have described how fucoidan can induce the release of the glycosaminoglycan-bound stromal-derived factor-1 (SDF-1) from its tissue storage sites and influence progenitor cell mobilization [7] [8] [9] [42] [43] [44] , which plays an important role in vascular remodeling. In several studies, fucoidan was reported to inhibit rat SMC proliferation in vitro more than heparin in airways [10] and in arteries [11, 12] . Fucoidan or its homogeneous fractions have also been shown to inhibit instent restenosis within a rabbit model [13] and reduce intimal hyperplasia after balloon injury in rats [11] , in addition to transplant vasculopathy after organ transplantation [14] [15] [16] .
Fucoidan has an excellent oral safety profile in animals and humans [17] . Furthermore, fucoidan oral administration in human beings has been demonstrated to be clinically valuable. Oral administration in humans significantly increases the number of CD34 (+) cells in the peripheral blood, proportion of CD34 (+) cells which expressed CXCR4, plasma level of SDF-1, and IFNgamma level [18] . Recently, oral administration has been investigated in a clinical phase I and II study for the treatment of osteoarthritis [19] .
The goals of our study were to investigate the ability of fucoidan to alleviate vascular remodeling triggered by immunological stimuli in allogenic aorta transplantation within rats and to evaluate potential mechanisms of this action.
MATERIALS AND METHODS

Reagents
Fucoidan was extracted from seaweed Fucus vesiculosus (Sigma, St. Louis, Mo, USA). Monoclonal antibodies to SM alpha-actin were obtained from Sigma (St. Louis, MO). Monoclonals to SM myosin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonals to ED1 from Serotec (Raleigh, NC), and polyclonals to CD45 and monoclonals to OX22 were obtained from Transduction Laboratories (Lexington, KY). The Vectastain Elite ABC kit, 3, 3-diaminobenzidine (DAB), normal rat serum, normal goat serum, biotinylated anti-goat antibodies, biotinylated anti-mouse antibodies, normal rabbit immunoglobulins, and normal mouse immunoglobulins were obtained from Vector Laboratories (Burlingame, CA). Normal rat serum was provided by Dako (Glostrup, Denmark). The primary antibodies used for the immunostainings are presented in Table 1 . 
Transplantation procedure
Inbred rats (225-275 g) of the F334.RT1v1, LEW.RT1, SHR, and WKY strains were used and treated according to institutional guidelines (experimental protocols were approved by the local ethical committee). Anesthesia was performed with fentanyl/fluanisone plus diazepam (0.6 mL/kg and 2.5 mg/kg respectively, administered intraperitoneally). Abdominal aortic segments of F334.RT1v1 male rats were orthotopically transplanted to LEW.RT1 male rats [20] . Similarly, aortas retrieved from SHR rats were transplanted to WKY rats. The grafts were procured after 1, 2, 3, 4, 6, and 8 weeks. Isogenic aorta transplantations of Lewis or WKY rats served as controls. We used two different combinations of rat allogenic aorta transplantation to avoid strain specific effects of fucoidan. As fucoidan can influence blood pressure [21] , we tested this possibility by using the SHR/WKY combination. Additionally, we measured blood pressure in rats 8 weeks after transplantation. However, we did not notice any influence of fucoidan (data not shown). After aorta transplantation, animals were randomized into placebo or fucoidanadministered groups. SHR→WKY transplants received intraperitoneal injection of saline (placebo group) twice daily or 0.4 mg/kg BID fucoidan. In experiments with oral administration of fucoidan, F344→Lewis transplants were given water solutions of fucoidan (1, 10, and 100 mg/L) or drinking water ad libitum (placebo group). Each experimental group consisted of 6-8 rats. Rats were housed individually after transplantation. All of the animal research was conducted in accordance with the Declaration of Helsinki and procedures were performed according to international guidelines.
Sample collection
The specimens of transplanted aortas were washed with 0.9% NaCl and divided into two parts. The first part was prepared for histopathological and immunohistochemical examinations. The second part of the specimens was snap-frozen in liquid nitrogen for RT-PCR analysis.
Morphological analysis
For light microscopy, standard procedure was performed. Namely, 5-μm thick sections were cut using standard microtome, routinely stained with SM α-actin, and studied in a Nikon Labophot microscope (Nikon, Tokyo, Japan). For morphometric analysis, photographs of vessels crosssections were prepared at a final magnification of 100 x and measured with Lucia 3.5 software (Lucia, Prague, Czech Republic).
Immunohistochemistry
Serial transverse sections (10 µm thick) were cut using a cryostat at -20°C. Sections were stained with SM α-actin to investigate the histopathological changes. The transverse sections were incubated with appropriate dilutions of primary antibody overnight at +4°C. After being washed with TRIS-buffered saline (TBS, pH7.5), bound primary antibodies were visualized by avidinbiotin peroxidase kits (Vector Laboratories, Burlingame, Calif., USA) against mouse Ig (Vectastain PK-4002) or rabbit Ig (Vectastain PK-4001) using DAB (Sigma) as a chromogen. The sections were then counterstained with hematoxylin.
In situ TUNEL assay
In situ TUNEL (TdT-mediated dUTP Nick-End Labeling) assays were performed using a kit from Boehringer Mannheim (Mannheim, Germany) according to the manufacturer's instructions. Briefly, sections were rehydrated, digested with proteinase K (20 µg/mL) for 30 minutes, washed in PBS, and then incubated with td-transferase and biotin-labeled nucleotide mixture for 30 minutes at 37°C.
Data presentation
Positive cellular and nuclear staining for SM -actin, ED-1, CD45, and TUNEL were estimated by counting positive cells in light microscopy images. All cells present in the intima and media were counted from one representative section from each animal. SM α-actin staining was estimated according to a 4-point-scale (0 -no positive staining; 1 -few positive cells; 2 -many positive cells; 3 -all cells positive).
Statistics
All results are presented as the means ± SD. Comparisons between two groups were performed using t-Student test, while multivariate comparisons were performed using ANOVA with post hoc comparisons by Scheff's test.
RESULTS
Fucoidan inhibits formation of the endointimal hyperplasia and vascular modulation
Fucoidan administered every 12 hours intraperitoneally at a dose of 0.4 mg/kg BID significantly inhibited neointima formation in allografts retrieved 8 weeks after transplantation (Table 2) . Mean intima width in fucoidan group was significantly reduced compared to the control group (5.2±1.5 μm vs. 58.1±4.4 μm respectively p<0.0001). Intimal area in fucoidan group was significantly reduced compared to the controls (8.3±3.0 vs. 157.3±12.3 10 2 μm respectively, p<0.0001). Significantly, fucoidan treatment conducted at the same time led to an increase in medial layer width compared to the controls (77.3±3.9 vs. 72.8±3.1, p=0.0228). However, no medial area was affected. 
Fucoidan modulates inflammation in the vessels
Fucoidan was administered in two ways -intraperitoneally and orally. Both methods significantly decreased percentage of macrophages (ED-1 positive cells) in intima and media of 8 weeks allografts compared to the control group (in i.p. group -3.3±2.5 vs. 10 (Fig. 2) . In allografts 8 weeks after transplantation, macrophages (ED-1 positive cells) accounted for nearly 1/3 of all detected cells in media (fucoidan reduced this number to 10-14%).
Moreover, only fucoidan administered intraperitoneally reduced the number of macrophages detected in adventitia of 2-weeks allografts compared to the control group (4.4±1.7 vs. 8.3±2.9, p=0.024), while no effect of fucoidan administered orally on number of macrophages in adventitia was observed. 
Fucoidan affects number of leukocytes in the vessels
Both oral and intraperitoneal administration of fucoidan increased number of leukocytes stained with anti-CD45 antibody in the media of 8-weeks allografts (3.5±1.4 in i.p. group, 2.8±0.8 in p.o. group vs.0.3±0.5 in control group, p=0.001 and p<0.0001 respectively) (Fig. 3) . Additionally, the oral administration of fucoidan caused an increase in number of CD45-positive cells in adventitia of 2-week allografts. Surprisingly, both treatments contributed also to CD45 decrease in the intima of 2-week allografts (0.2±0.4 in i.p. group, 0.8±0.4 in p.o. group vs. 2.7±1.6, p=0.01 and p=0.04, respectively). 
DISCUSSION
In our experiment we observed the attenuation of vascular remodeling by the oral and intraperitoneal administration of fucoidan. In previous studies, fucoidan administered intraperitoneally was effective in the inhibition of vascular remodeling, characterized by the intimal proliferation and increased number of SMCs in intima, induced by mechanical stimuli in rats [11] and rabbits [13] . Moreover, the low molecular weight (LMW) fucoidan was effective in preventing transplant vasculopathy in hearts and aorta transplantation in rats [14, 15] .
Fucoidan decreased the number of myocytes/myofibroblasts in the intimal layer of allografts. Many observations from animal models and clinical studies demonstrated the important role of myocytes proliferation and migration in vascular remodeling and intimal growth [22] . In our study, fucoidan administration led to the coincidence of reduction in intimal layer growth and number of smooth-muscle cells in intima in allografts. This reduction may be related to the inhibition of myocytes/myofibroblasts migration from media and adventitia to intimal layer, caused by the inhibition of extracellular matrix degradation, especially fibers of internal elastic membrane. Fucoidan locally modulates the expression of matrix metalloproteases, thereby influencing matrix components degradation [23] . The decrease of the number of SMCs in the intimal layer may be also caused by antiproliferative activity of fucoidan, which was well documented within in vitro studies [24, 25] . Inhibition of smooth muscle cells proliferation by fucoidan is mediated by modification of growth factors and cytokines action, which can potentially exert antiproliferative activity and induce differentiation to contractile phenotype. In our study, fucoidan administration also reduced the number of α-actin positive cells (most likely myofibroblasts) in the adventitial layer. This reduction fucoidan inhibits fibroblast activation and/or their differentiation into myofibroblasts-the other potential source of cells in the intimal layer [26] . Inhibition of fibroblasts differentiation to myofibroblasts by heparin was previously demonstrated to be mediated by heparin interaction with cytokines and their receptors [27] . Moreover, previous studies revealed that non-anticoagulant heparins can inhibit rat smooth muscle cell adhesion and proliferation [28] .
Our study also demonstrated how both types of fucoidan treatments not only inhibit neointima formation but also increases medial width and area. This effect can be explained by different mechanisms, including increased media hyperplasia, hypertrophy, remodeling of extracellular matrix, or inflammatory edema. We observed that fucoidan treatment also resulted in higher numbers of leukocytes in the media, which may also contribute to the increased size of media. This finding is particularly significant as leukocyte migration to injured endothelium is known to incite a proinflammatory endothelial phenotype which can potentially contribute to early neointimal hyperplasia [29, 30] . However, fucoidan has not been previously proven to increase leukocyte recruitment. Furthermore, it was reported to inhibit leukocyte recruitment in a model of peritoneal inflammation [31] . Therefore, the increased media size of allografts in addition to the higher number of leukocytes may not be due to fucoidan treatment itself and may instead be caused by allogenic media injury as a result of transplantation.
Our results have demonstrated that fucoidan, in early stages of vascular remodeling, alleviated apoptosis of medial layer cells, mainly with smooth muscle cells. However, SMCs apoptosis observed in transplant vasculopathy coincided with the strong effect of fucoidan on SMCs proliferation may cause reduction of these cell numbers in the medial layer [11, 12] .
Paradoxically, fucoidan at higher doses enhances vascular remodeling. As we did not observe differences in fucoidan oral consumption, this enhancement can be explained by mechanisms which are absent or inhibited by lower doses of fucoidan. Recent studies examining SMCs origin reveal four potential sources of SMCs, including the migration of medial SMCs, proliferation of pre-existing intimal clones, migration of adventitial fibroblasts, and infiltration of circulating progenitor cells [16] . Several lines of evidence suggest that SDF-1α is a key molecule regulating hematopoietic progenitor cell mobilization, with its blockade preventing recruitment of circulating SMC progenitor cells into neointimal lesions induced by vascular injury [16] . Overexpression of SDF-1 and its receptor CXCR4 coincides with the exacerbation of neointimal lesion formation and in animal models of transplant vasculopathy [32] . Fucoidan can release the glycosaminoglycan-bound stromal-derived factor-1 (SDF-1) from its tissue storage sites [7] [8] [9] . The effect on SDF and progenitor SMCs mobilization is one of potential mechanisms of neointimal progression by high fucoidan doses.
Our data documents a decrease in the number of macrophages in the vascular wall following fucoidan administration. The recruitment, activation, and proliferation of monocytes/macrophages in the vessel wall may contribute to the process of atherosclerosis and restenosis. The presence of activated monocytes/macrophages at the site of the vascular injury leads to the release of vasoactive molecules, cytokines, chemokines, and growth factors which can induce the migration and proliferation of SMCs [16, 33, 46] . Macrophages present in atherosclerotic plaque causes instability and increases the incidence of acute ischemic episodes [34] . The reduction of the number of macrophages in the vascular wall by fucoidan may be caused by its direct effect on macrophages migration or influence on extracellular matrix degradation. Fucoidan has been shown to be a ligand of the macrophage scavenger receptor (MSR) [35] that effectively competes with OxLDL for binding to MSR, a process which can inhibit transformation of macrophages to foam cells [36] . Moreover, fucoidan inhibits MSR-mediated adhesion of macrophages to extracellular matrix of atherosclerotic plaques and endothelial cells [37] . Fucoidan blocks neutrophil-derived heparin-binding-protein (HBP) interaction with monocytes. HBP has a variety of physiological regulatory effects for monocytes, which includes chemotaxis, increased longevity [38] , and enhanced production of proinflammatory cytokines (i.e. tumor necrosis factor-alpha, interleukin-1, interleukin-6) from monocytes stimulated by lipopolisaccharide.
Another mechanism of beneficial influence of fucoidan on vascular remodeling may be mediated by its influence on endothelial cells, as it was shown that LMWH fucoidan treatment stimulated allografts reendothelialization [14] . Low molecular weight fucoidan enhanced endothelial cell migration [39] . Additionally, as an antithrombotic and proangiogenic factor, fucoidan initiates endothelial cell differentiation and proliferation after vascular injury [40, 45] . This is the first study demonstrating the beneficial effect of oral administration on diminishing vascular remodeling. The oral administration of drugs is especially convenient due to its simplicity. This administration route can also be used in extension therapy for chronic treatment. The oral administration of heparinoids is effective in the prevention of thrombosis in rats [41, 47, 48] . Our results confirm the effectiveness of the oral route of fucoidan administration in the inhibition of vascular remodeling triggered by immunological stimuli in rat model.
As a result, we present the influence of fucoidan on vascular remodeling in transplant vasculopathy in rat. This is the first report discussing the beneficial effect of fucoidan oral administration on this process, which may have important clinical implications and can lead to better understanding of vascular remodeling.
CONCLUSION
We demonstrate the inhibitory effect of fucoidan on vascular remodeling in transplant vasculopathy in rat. This is the first report of beneficial effect of fucoidan oral administration on this process, which may have important clinical implications and lead to a better understanding of vascular remodeling.
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